It is indispensable to understand the interfacial reaction of metal high-k gate stack system during high-temperature annealing, to develop high performance gate-first MOSFETs, which need high-temperature source/drain annealing higher than 900ºC. The oxygen incorporation is one of the major issues for the stability of metal/high-k interface [1, 2] . It has been recognized that the EOT increase caused by an increase in the interfacial oxide layer thickness under the high-k film. Flat band voltage (Vfb) shift or effective work function shift has been also explained with several models taking oxygen incorporation in consideration [2, 3] . However, mechanism from the viewpoint of redistribution of elements of gate stack materials in high temperature has not been well understood. The influence of oxygen incorporation on the gate stack has also not been clear.
Introduction
It is indispensable to understand the interfacial reaction of metal high-k gate stack system during high-temperature annealing, to develop high performance gate-first MOSFETs, which need high-temperature source/drain annealing higher than 900ºC. The oxygen incorporation is one of the major issues for the stability of metal/high-k interface [1, 2] . It has been recognized that the EOT increase caused by an increase in the interfacial oxide layer thickness under the high-k film. Flat band voltage (Vfb) shift or effective work function shift has been also explained with several models taking oxygen incorporation in consideration [2, 3] . However, mechanism from the viewpoint of redistribution of elements of gate stack materials in high temperature has not been well understood. The influence of oxygen incorporation on the gate stack has also not been clear.
In this paper, we clarify the interfacial reaction and redistribution of the high-k elements using TiN/HfSiON/SiO 2 gate stack which is one of the candidates of gate stacks for pMOSFETs [4, 5] , and demonstrate high thermal stability of the gate stack by suppressing oxygen incorporation.
Experimental
A gate-last MOSFET was used for electrical characterization [6] . TiN/HfSiON/SiO 2 /Si stacked structure was formed for the gate stack. A 2.5-or 3.5 nm-HfSiO was deposited by MOCVD. Post-HfSiO deposition process was performed with 700ºC post-deposition annealing (PDA) followed by nitridation by NH 3 annealing, or with plasma nitridation followed by 1050ºC post-nitridation annealing (PNA) [7, 8] . TiN films were deposited by PVD. Post-gate-metal deposition annealing (PGA) as source/drain activation annealing was performed in nitrogen ambient with/without oxygen partial pressure control.
Results and Discussions
At first, electrical and physical characteristics of the gate stack with various PGA temperatures for long time, i.e. 30s, using the 2.5 nm-HfSiON with 700ºC PDA and NH 3 nitridation were investigated. PGA atmospheres were set as the N 2 without the O 2 control. A drastic increase of EOT was observed corresponding to PGA temperature increase ( Fig.  1) . Corresponding to the increase in EOT, leakage currents decreased at higher PGA temperatures (Fig. 2) . The interfacial layer (IFL) growth and disappearance of the contrast of HfSiON were observed in X-TEM image after 980ºC PGA ( Fig .3(b) ), which is consistent with the oxygen profile obtained by SIMS analysis (Fig.4) . Hafnium was released from HfSiON and diffused into the TiN electrode layer after the 980ºC annealing (Fig.5) . XPS analysis of the 980ºC-annealed sample indicated that the diffused Hf exists in the TiN as HfN and HfO, or HfON (Fig. 6 ).
The influence of the oxygen incorporation on electrical characteristics on W/TiN/HfSiON/SiO 2 gate stack was evaluated using spike annealing, or very short time annealing, with O 2 concentration of less than 4 ppm as a realistic PGA condition for scaled MOSFETs. 2.5 nm-HfSiON with plasma nitridation and 1050ºC PNA was adopted with 0.7 nm SiO 2 IFL. Although the Vfb shift was remained, the spike PGA with small oxygen partial pressure successfully suppressed the EOT increase (Fig.7) .
To clarify the influence of O 2 incorporation on the suppression of the EOT increase, further study was performed with the spike PGA in N 2 atmosphere with the O 2 control, i.e. <4 ppm and 0.2%, using 3.5 nm-HfSiON with plasma nitridation and 1050ºC PNA. It was observed that the higher O 2 partial pressure enhances the Hf diffusion into the TiN (Fig. 8) and that nitrogen was drastically diffused out from HfSiON after the PGA (Fig. 9) . Large interface layer growth after the 0.2%-O 2 PGA was observed in X-TEM image, which leads to the EOT increase (Fig.10) . Crystallization of the HfSiON was also observed, as a result of the nitrogen release from HfSiON (Fig.10) . 
Conclusions
Interfacial reaction of TiN/HfSiON/SiO 2 gate stack in high-temperature annealing was investigated from the viewpoint of redistribution of elements of gate stack materials. Oxygen incorporation in high-temperature annealing induces Hf and N release from HfSiON or breaking of HfSiON, which leads to increase in EOT composed of decrease in HfSiON thickness and increase in SiO 2 IFL thickness. Suppression of the oxygen incorporation is indispensable for high thermal stability of gate stack. 
